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(57) ABSTRACT 

A double diffused ?eld effect transistor and a method of 
forming the same is provided. The method begins by pro 
viding a substrate of a ?rst conductivity type. Next, at least 
one dopant species, also of the ?rst conductivity type, is 
introduced into a surface of the substrate so that the substrate 

has a nonuniform doping pro?le. An epitaxial layer of the 
?rst conductivity type is formed over the substrate and one 
or more body regions of a second conductivity type are 
formed Within the epitaxial layer. A plurality of source 
regions of the ?rst conductivity type are then formed Within 
the body regions. Finally, a gate region is formed, Which is 
adjacent to the body regions. 
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DOUBLE DIFFUSED FIELD EFFECT TRANSISTOR 
HAVING REDUCED ON-RESISTANCE 

STATEMENT OF RELATED APPLICATION 

[0001] This application is a divisional of copending US. 
patent application Ser. No. 09/819,356, ?led Mar. 28, 2001, 
entitled “Double Diffused Field Effect Transistor Having 
Reduced On-Resistance,” Which is incorporated by refer 
ence in its entirety herein. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to semiconductor 
Wafer processing and more particularly to a method for 
forming a double diffused ?eld effect transistor. 

BACKGROUND INFORMATION 

[0003] PoWer MOSFET devices are Well knoWn and are 
used in many applications including automotive electronics, 
portable electronics, poWer supplies, and telecommunica 
tions. One important electrical characteristic of a poWer 
MOSFET device is its on-state resistance (RDSOH), Which is 
de?ned as the total resistance encountered by the carriers as 
they ?oW from the source terminal to the drain terminal. In 
order to alloW manufacturers to produce poWer MOSFET 
devices having higher current carrying capability in smaller 
packages, it Would be advantageous to have MOSFET 
structures that reduce the on-state resistance 

[0004] FIG. 1 is a simpli?ed cross-sectional diagram of a 
conventional n-channel poWer MOSFET referred to as a 
double diffused ?eld effect transistor. A layer of N type 
epitaxial silicon 1 is formed on an N+ type substrate 2. A P 
body region 3A and a P+ body region 3B are formed into the 
epitaxial layer from upper surface 4, and an N+ type source 
region 5 is formed into the body regions 3A and 3B from 
upper surface 4. To turn the transistor on (i.e., make it 
conductive), a positive potential is placed on gate 6. The 
positive potential on gate 6 causes What is called a channel 
region to form in the surface portion of P body region 3A 
underneath the gate and also causes What is called an 
accumulation region to form in the surface portion of the N 
type epitaxial silicon region 1A immediately underneath the 
gate. Electrons can then ?oW as generally indicated by the 
arroW from the N+ type source region 5, through the channel 
region in P body region 3A, through the accumulation region 
of N type epitaxial layer 1A, doWnWard through the N type 
epitaxial region 1A, doWnWard through the N+ type sub 
strate 2, and to a drain electrode 7. If gate 6 does not have 
a positive potential, then no channel is formed and no 
electron ?oW from source to drain takes place. The transistor 
is therefore turned off (i.e., nonconductive). 

[0005] FIG. 2 is a simpli?ed cross-sectional diagram of 
another type of double diffused ?eld effect transistor, a 
trench ?eld effect transistor. In FIGS. 1 and 2 like elements 
are represented by reference numerals. An N type epitaxial 
layer 1 is formed on a N+ type substrate 2. Body regions 3A 
and 3B and N+ type source region 5 are then formed in 
similar double diffused fashion to the body and source 
regions in the planar transistor. In the case of the trench 
transistor, a trench is etched doWn into epitaxial layer 1 from 
upper surface 4. A gate oxide layer 8 is then groWn in this 
trench on the side Walls and the trench bottom. An amount 
of polysilicon or other suitable material is then deposited on 
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the gate oxide in the trench to form a gate 9. For additional 
information on trench ?eld effect transistors, see US. Pat. 
No. 5,072,266 entitled “Trench DMOS PoWer Transistor 
With Field-Shaping Body Pro?le And Three-Dimensional 
Geometry”, the subject matter of Which is incorporated 
herein by reference. 

[0006] To turn the trench transistor on, a positive potential 
is placed on gate 9. The positive potential causes a channel 
region to form in the portion of the P body region 3A Which 
forms part of the sideWall of the trench and causes an 
accumulation region to form in the portion of the N type 
epitaxial layer region 1A Which forms a part of the sideWall 
of the trench. Electrons can then ?oW as indicated by the 
arroW from the N+ type source region 5, doWnWard through 
the channel region of P body region 3A, doWnWard through 
the accumulation region, doWnWard through the remainder 
of the N type epitaxial region 1A, doWnWard through the N+ 
type substrate 2, and to a drain electrode 7. If gate 9 does not 
have a positive potential, then no channel is formed and no 
electron ?oW from source to drain takes place. The transistor 
is therefore turned off. 

[0007] It is desirable that such transistors have loW source 
to-drain resistances RDSOD When turned on. As depicted 
pictorially in FIG. 1, the resistance RDSOD in the planar 
structure is made up of the resistance RCH through the 
channel, the resistance R Acc laterally through the accumu 
lation region, the resistance RJFET vertically through the 
pinched portion of the N type epitaxial region 1A betWeen 
the tWo adjacent P body regions, the resistance RDRIFT 
vertically through the remainder of the N type epitaxial 
region 1A to the substrate, and the resistance RSUB vertically 
through the substrate to the drain electrode. As depicted 
pictorially in FIG. 2, the resistance RDSOD in the trench 
structure is made up of the resistance RCH vertically through 
the channel, the resistance RAcc vertically through the 
accumulation region, the resistance RDRIFT vertically 
through the remainder of the N type epitaxial region 1A, and 
the resistance RSUB vertically through the substrate to the 
drain electrode. Note that RJFET is eliminated in the trench 
device. Because the conductivity of silicon increases With 
dopant concentration, epitaxial silicon layer 1 is relatively 
heavily doped to reduce the RDRIFT and thereby reduce 
RDSon' 
[0008] It is also desirable that such transistors have a high 
breakdoWn voltage so that they can be operated at high 
voltages and thus serve as high poWer devices. As is Well 
knoWn to those or ordinary skill, the breakdoWn voltage 
increases With decreasing dopant concentration in the epi 
taxial region 1A and increasing thickness of the epitaxial 
region 1A. Since the magnitude of the on-resistance and the 
breakdoWn voltage vary in a similar manner With respect to 
dopant concentration, decreasing the on-resistance of a 
double diffused ?eld effect transistor by increasing the 
doping concentration in the epitaxial region 1A causes an 
undesirable decrease in the breakdoWn voltage of the device. 

[0009] US. Pat. No. 6,084,268 discloses a poWer MOS 
FET in Which the on-resistance is reduced by providing 
regions of localiZed doping Within the epitaxial layer 1A. 
The regions of localiZed doping have the same conductivity 
type as epitaxial layer 1A, but With a higher dopant con 
centration, thereby loWering the series resistance betWeen 
the channel regions and the drain region of device. Also, the 
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regions of localized doping are limited so that they are 
spaced apart from p-type regions 3B to minimize a decrease 
in breakdown voltage that may also arise. On problem With 
this technique is that it requires additional masking steps and 
high energy ion implantation techniques to form the local 
iZed doping region. 

[0010] Accordingly, it Would be desirable to provide a 
double diffused ?eld effect transistor having a reduced 
on-resistance Without detrimentally impacting the break 
doWn voltage of the device and Which is also relatively easy 
to manufacture. 

SUMMARY OF THE INVENTION 

[0011] The present invention provides a double diffused 
?eld effect transistor and a method of forming the same. The 
method begins by providing a substrate of a ?rst conduc 
tivity type. Next, at least one dopant species, also of the ?rst 
conductivity type, is introduced into a surface of the sub 
strate so that the substrate has a nonuniform doping pro?le. 
An epitaxial layer of the ?rst conductivity type is formed 
over the substrate and one or more body regions of a second 
conductivity type are formed Within the epitaxial layer. A 
plurality of source regions of the ?rst conductivity type are 
then formed Within the body regions. Finally, a gate region 
is formed, Which is adjacent to the body regions. 

[0012] In accordance With one aspect of the invention, the 
gate region is formed by locating a plurality of trenches 
Within the epitaxial layer and then lining the trenches With 
a ?rst insulating layer. A polysilicon conductor is provided 
Within the trenches and overlies the ?rst insulating layer. 

[0013] In accordance With yet another aspect of the inven 
tion the dopant species is introduced into the substrate by ion 
implantation. 

[0014] In accordance With another aspect of the invention, 
the dopant species that is introduced is selected from the 
group consisting of arsenic, antimony and phosphorous. 

[0015] In accordance With another aspect of the invention, 
the substrate has a substantially uniform doping pro?le prior 
to introducing the dopant species. 

[0016] In accordance With another aspect of the invention, 
a double diffused ?eld effect transistor is provided Which 
includes a substrate of a ?rst conductivity type. At least one 
dopant species, also of the ?rst conductivity type, is incor 
porated into a surface of the substrate so that the substrate 
has a nonuniform doping pro?le. The nonuniform doping 
pro?le has a dopant concentration that is greatest at a given 
depth beloW a surface layer of the substrate. The dopant 
concentration decreases With increasing distance aWay from 
this given depth. An epitaxial layer of the ?rst conductivity 
type is located over the surface layer of the substrate. One 
or more body regions of a second conductivity type are 
disposed Within the epitaxial layer. A plurality of source 
regions of the ?rst conductivity type are located Within the 
body regions. A gate region is located adjacent to the body 
regions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a simpli?ed cross-sectional diagram of a 
conventional planar double diffused ?eld effect transistor. 
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[0018] FIG. 2 is a simpli?ed cross-sectional diagram of a 
trench ?eld effect transistor. 

[0019] FIG. 3 illustrates one embodiment of a trench ?eld 
effect transistor constructed in accordance With the present 
invention. 

[0020] FIG. 4 shoWs the dopant pro?le of the substrate on 
Which is formed the transistor of FIG. 3. 

[0021] FIG. 5 shoWs the doping pro?le through the epi 
taxial layer of the device shoWn in FIG. 3 after formation of 
the transistor. 

[0022] FIGS. 6(a)-6(}‘) shoWs a series of exemplary steps 
that are performed to form the transistor depicted in FIG. 3. 

DETAILED DESCRIPTION 

[0023] FIG. 3 illustrates one embodiment of a trench ?eld 
effect transistor constructed in accordance With the present 
invention. The structure includes, in this embodiment, an n+ 
substrate 300 on Which is groWn a lightly n-doped epitaxial 
layer 304. As described in more detail beloW, the surface 
region of substrate 300 has a higher dopant concentration 
than its interior. Within doped epitaxial layer 304, a body 
region 316 of opposite conductivity is provided. An 
n+-doped region 340 that overlies most of the body region 
316 serves as the source. Arectangular shaped trench 324 is 
provided in the epitaxial layers, Which is open at the upper 
surface of the structure and de?nes the perimeter of the 
transistor cell. A gate oxide layer 330 lines the sidewalls of 
the trench 324. The trench 324 is ?lled With polysilicon, i.e., 
polycrystalline silicon that has been doped to make it 
conductive. A drain electrode is connected to the back 
surface of the semiconductor substrate 300, a source elec 
trode is connected to the tWo source regions 340 and the 
body region 316, and a gate electrode is connected to the 
polysilicon that ?lls the trench 324. 

[0024] The breakdoWn voltage of a double diffused ?eld 
effect transistor is largely determined by the doping concen 
tration of the portion of epitaxial layer 304 near the surface 
of the device. In particular, the breakdoWn voltage is deter 
mined by the doping concentration of the portion of epitaxial 
layer 304 adjacent the P-body region 316. In other Words, 
variations in the doping concentration of the portion of the 
epitaxial layer 304 in the vicinity of the substrate 300 do not 
have a large impact on the breakdoWn voltage. As a result, 
it is in principle possible to reduce the on-resistance of the 
device Without also creating an unduly large decrease in the 
breakdoWn voltage by only increasing the doping concen 
tration of the epitaxial layer 304 in the vicinity of the 
substrate. That is, epitaxial layer 304 may have a tapered 
doping pro?le in Which the deposition process is performed 
so that the doping concentration increases With increasing 
depth into the epitaxial layer 304. Double diffused ?eld 
effect transistors With such a tapered doping pro?le are 
Well-knoWn. Unfortunately, one problem With a tapered 
doping pro?le is that it requires a relatively complex epi 
taxial deposition process. 

[0025] In accordance With the present invention, one or 
more species of dopants are introduced into the surface of 
the substrate 300 before any layers are groWn on it. The 
dopants may be introduced by ion implantation. This step 
provides a substrate With a varying doping concentration 
pro?le that is greatest at the substrate surface and Which 
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decreases With increasing depth into the substrate. It should 
be noted that commercially available substrates typically 
have a uniform doping pro?le With concentrations up to 
about 1><1019/cm3, Which corresponds to a resistance as loW 
as 0.005 ohm-cm. 

[0026] During the formation of epitaxial layer 304 on the 
substrate 300 and during subsequent high temperature pro 
cessing, so-called up-doping occurs in Which the additional 
dopants incorporated into substrate 300 diffuse into the 
epitaxial layer 304. Since the dopants are introduced into the 
epitaxial layer 304 from the substrate 300, they primary 
affect the epitaxial layer’s dopant concentration near the 
substrate 300 With relatively little impact on its doping 
concentration near the surface. As a result, the on-resistance 
of the resulting device is reduced Without a commensurate 
decrease in the breakdoWn voltage. Further, the on-resis 
tance is reduced both because of the additional dopant 
diffused into the epitaxial layer and also because the thick 
ness of the epitaxial layer can be reduced, While maintaining 
the same voltage across it, since it is more heavily doped. 

[0027] For purposes of illustration only, in What folloWs 
the substrate Will be assumed to be an n+ substrate as 
depicted in FIG. 3. Typical dopants that may be used 
therefore include arsenic, antimony, phosphorous, or any 
combination thereof. FIG. 4 shoWs the dopant pro?le of the 
substrate 300 in Which the abscissa represents the depth into 
the substrate With the origin de?ned as the substrate surface. 
Curve 400 represents the dopant pro?le of the original, 
uniformly doped substrate. Curve 410 represents the dopant 
pro?le after arsenic or antimony is implanted into the 
substrate and curve 420 represents the dopant pro?le after 
phosphorous is implanted into the substrate. 

[0028] FIG. 5 shoWs the resulting doping pro?le after 
forming the various layers of the transistor on the substrate 
300. Curve 500 represents the dopant pro?le of a conven 
tional device formed on a uniformly doped substrate. Curve 
510 represents the dopant pro?le of a device that is formed 
on a substrate in Which arsenic or antimony is implanted and 
curve 520 represents a device that is formed on a substrate 
in Which phosphorous is implanted. As shoWn, the dopants 
diffuse from the substrate 300 into the epitaxial layer 304 so 
that the dopant concentration decreases With increasing 
distance from the substrate-epitaxial layer interface. The 
difference betWeen curves 510 and 520 is attributable to the 
different diffusion coef?cients of the different species. Spe 
ci?cally, the diffusion coef?cient of phosphorous is greater 
than the diffusion coef?cient of either arsenic or antimony. 
It should be noted that the dopant pro?les shoWn in FIG. 5 
include the dopants originally present in the epitaxial layer 
material prior to its deposition. 

[0029] In some embodiments of the invention it may be 
desirable to introduce tWo or more dopant species into the 
substrate. For example, a relatively fast diffusing species 
such as phosphorous may be introduced With a relatively 
sloW diffusing species such as arsenic or antimony, Which 
produces a dopant pro?le in the epitaxial layer that is the 
sum of the pro?le of the tWo species. For the same implant 
dose for each species, such a pro?le Will have a loWer 
concentration of the fast diffusing species near the surface of 
the epitaxial layer and a higher concentration near the 
epitaxial layer-substrate interface. This combination of dop 
ing pro?les results in a device With a loWer on-resistance. 
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[0030] One of ordinary skill in the art Will recogniZe that 
there are a number of parameters that Will determine the 
optimal amount of dopant that should be introduced into the 
substrate to decrease the on-resistance of the resulting 
device Without also substantially reducing its breakdown 
voltage. These parameters include the particular dopant 
species that is introduced, the amount of dopant present in 
the original substrate, the diffusion time, and the diffusion 
temperature. For a given device, optimiZation may be 
achieved empirically or by various modeling techniques. If 
only one dopant species is to be introduced into the sub 
strate, it Will selected based on its diffusion coef?cient, its 
solid solubility, its vapor pressure during epitaxial deposi 
tion, as Well as epitaxial deposition parameters such as the 
deposition gas, temperature, pressure and the particular 
reactor that is employed. 

[0031] The inventive trench ?eld effect transistor shoWn in 
FIG. 3 may be fabricated in accordance With any conven 
tional processing technique. While one exemplary tech 
nique, is discussed beloW, it should be understood that the 
fabrication of the present invention is not limited to this 
technique, Which is presented only by Way of illustration. 

[0032] FIGS. 6(a)-6(}‘) shoWs a series of exemplary steps 
that are performed to form the transistor depicted in FIG. 3. 
In FIG. 6(a), an N— doped epitaxial layer 604 is groWn on 
a N+ doped substrate 600. Prior to formation of epitaxial 
layer 604, substrate 600 is implanted With one or more 
dopant species in the previously described manner. Epitaxial 
layer 604 is typically 5.5 microns in thickness for a 30 V 
device. Next, P-body region 616 is formed in an implanta 
tion and diffusion step. Since the P-body implant is uniform 
across the substrate, no mask is needed. The P-body regions 
are boron implanted at 40 to 60 KeV With a dosage of about 
5.5><1013/cm3. 
[0033] In FIG. 6(b), a mask layer is formed by covering 
the surface of epitaxial layer 604 With an oxide layer, Which 
is then conventionally exposed and patterned to leave mask 
portions 620. Mask portions 620 are used for de?ning the 
location of the trenches. Trenches 624 are dry etched 
through the mask openings by reactive ion etching to a depth 
that typically ranges from 1.5 to 2.5 microns. 

[0034] In FIG. 6(a), the sideWalls of each trench are 
smoothed. First, a dry chemical etch may be used to remove 
a thin layer of oxide (typically about 500-1000 angstroms) 
from the trench sideWalls to eliminate damage caused by the 
reactive ion etching process. Next, a sacri?cial silicon 
dioxide layer 650 is groWn over trenches 624 and mask 
portions 620. The sacri?cial layer 650, as Well as mask 
portions 620, are removed either by a buffer oxide etch or an 
HF etch so that the resulting trench sideWalls are as smooth 
as possible. 

[0035] As shoWn in FIG. 6(a'), the gate oxide layer 630 is 
then groWn or deposited on the entire structure so that it 
covers the trench Walls and the surface of p-body 616. Gate 
oxide layer 130 typically has a thickness in the range of 
500-800 angstroms. Next, the trenches 624 are ?lled With 
polysilicon 652, i.e., polycrystalline silicon. FolloWing the 
deposition, the polysilicon is typically doped With phospho 
rous using phosphorous oxychloride (POCl3) or implanted 
With arsenic or phosphorous to reduce its sheet resistance to 
a value typically in the range of 20 Q/square. 

[0036] In FIG. 6(e), the polysilicon layer 652 is etched to 
optimiZe its thickness and to expose the portion of the gate 
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oxide layer 630 that extends over the surface of p-body 616. 
Next, a photoresist masking process is used to form pat 
terned masking layer 660. Patterned masking layer 660 
de?nes source regions 640. Source regions 640 are then 
formed by an implantation and diffusion process. For 
example, the source regions may be implanted With arsenic 
at 80 KeV With a dose that is typically in the range of 8x1015 
to 1.2><1016 per cm2. After implantation, the arsenic is 
diffused to a depth of approximately 0.5 microns. Finally, 
masking layer 660 is removed in a conventional manner to 
form the structure depicted in FIG. 60‘). 

[0037] The trench ?eld effect transistor is completed in a 
conventional manner by forming and patterning a BPSG 
layer over the structure to de?ne BPSG regions associated 
With the source and gate contacts. Next, a layer of metal is 
deposited and de?ned, forming source and gate electrodes. 
If desired, a layer of passivation is next deposited, and 
openings are formed in it to alloW access to the source and 
gate pads. Also, a drain contact layer is formed on the 
bottom surface of the substrate. 

[0038] Although various embodiments are speci?cally 
illustrated and described herein, it Will be appreciated that 
modi?cations and variations of the present invention are 
covered by the above teachings and are Within the purvieW 
of the appended claims Without departing from the spirit and 
intended scope of the invention. For example, the method of 
the present invention may be used to form a double diffused 
trench ?eld effect transistor in Which the conductivities of 
the various semiconductor regions are reversed from those 
described herein. Moreover, While the invention has been 
described in terms of a trench ?eld effect transistor, it is 
equally applicable to double diffused ?eld effect transistors 
With other con?gurations such as shoWn in FIG. 1, for 
example. 

1. A double diffused ?eld effect transistor made in accor 
dance With the method comprising: 

providing a substrate of a ?rst conductivity type; 

introducing at least one dopant species of said ?rst 
conductivity type into a surface of the substrate so that 
the substrate has a nonuniform doping pro?le; 

forming an epitaxial layer of said ?rst conductivity type 
over said substrate; 

forming one or more body regions of a second conduc 
tivity type Within said epitaxial layer; 

forming a plurality of source regions of said ?rst conduc 
tivity type Within said body regions; and 

forming a gate region adjacent to said one or more body 
regions. 
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2. A double diffused ?eld effect transistor made in accor 
dance With the method of claim 1 Wherein the step of 
forming the gate region includes the steps of: 

forming a plurality of trenches Within said epitaxial layer; 

forming a ?rst insulating layer that lines said trenches; 
and 

forming a polysilicon conductor Within said trenches and 
overlying the ?rst insulating layer. 

3. A double diffused ?eld effect transistor, comprising: 

a substrate of a ?rst conductivity type; 

at least one dopant species of said ?rst conductivity type 
incorporated into a surface of the substrate so that the 
substrate has a nonuniform doping pro?le, said non 
uniform doping pro?le having a dopant concentration 
that is greatest at a given depth beloW a surface layer of 
said substrate and Which decreases With increasing 
distance aWay from said given depth; 

an epitaxial layer of said ?rst conductivity type located 
over said surface layer of said substrate; 

one or more body regions of a second conductivity type 
disposed Within said epitaxial layer; 

a plurality of source regions of said ?rst conductivity type 
located Within said body regions; and 

a gate region adjacent to said one or more body regions. 
4. The double diffused ?eld effect transistor of claim 3 

Wherein said gate region includes: 

a plurality of trenches located Within said epitaxial layer; 

a ?rst insulating layer that lines said trenches; and 

a polysilicon conductor located Within said trenches and 
overlying the ?rst insulating layer. 

5. The double diffused ?eld effect transistor of claim 3 
Wherein said at least one dopant species is introduced into 
the substrate by ion implantation. 

6. The double diffused ?eld effect transistor of claim 3 
Wherein said at least one dopant species is selected from the 
group consisting of arsenic, antimony and phosphorous. 

7. The double diffused ?eld effect transistor of claim 3 
Wherein said substrate has a substantially uniform doping 
pro?le prior to introducing said at least one dopant species. 

8. The double diffused ?eld effect transistor of claim 3 
further comprising an electrode layer disposed on a surface 
of the substrate opposite the body regions. 


